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(57) The reaction force/reduction controller selects 
a pivot reduction roll such that the thickness of the solid- 
ified shell of the cast slab having a liquid core is equal to 
the target thickness T^f . and calculates a difference 
between a thickness Tj^ of the cast slab having a liquid 
core at the inlet of the reduction roll zone PRT and the 
target thickness 1^^^, i.e.. AT The resulting value of AT, 
i.e...a.targetjeduction, is.provided. tothareduction^conr . 
trollers 2 of the pivot reduction roll. The reaction 
force/reduction controller 1 assigns target reductions 
1/3 AT and 2/3 AT to the two reduction rolls upstreann of 
the pivot reduction roll. 

The reaction force/reduction controller 1 calculates 
a target pressure (Pj + a) on the basis of the selected 
value for a, and the resulting target pressure (Pj + a) is 
provided to each of the reduction controllers 2 of the 
reduction rolls. . . . downstream of the pivot reduction roll. 
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Description 

TECHNICAL FIELD 

5 The present invention relates to a continuous casting method and an apparatus therefor in which a cast slab is con- 

tinuously withdrawn from a mold, and more particularly one in which a cast slab having a liquid core is subjected to 
reduction so as to produce a thin cast slab. 

BACKGROUND ART 

10 

A typical method of producing a thin plate includes rolling and forming in a rolling stepf. In this type of method. It is 
necessary before application of hot rolling to reheat a cast slab which has once cooled after casting. This process is 
disadvantageous from the viewpoint of energy consumption. 

Recently, a direct hot rolling method has been under development. According to the direct hot rolling method, a cast 
15 slab obtained from a continuous casting machine is directly supplied to a rolling mill. Particularly, many attempts have 
been made to develop a continuous casting method which can produce cast slabs with rough hot rolling being omitted 
in the direct hot rolling process. 

As a method of producing a thin cast slab, there has been proposed a method comprising continuously withdrawing 
a cast slab out of the mold, reducing the thickness of the cast slab using a plurality of pairs of reduction rolls while It has 
20 a liquid core, and cooling the resulting slab. This method is referred to as the liquid core reduction method. 

Japanese Patent Publication No. 6-28790/1994 discloses a method of reducing the thici^ness of cast slabs having 
a liquid core with pairs of reduction rolls. According to this method, a series of spacers each having a different thickness 
are inserted between each pair of rolls to produce a cast slab having a target thickness by means of an arrangement In 
which the thickness of spacers gradually increases for downstream pairs of rolls and the roll gaps between the pairs of 
25 rolls gradually decrease for downstream pairs of rolls. Cast slabs are subjected to a reduction force conresponding to 
roll gaps in each of which spacers are inserted. In addition. Japanese Patent Publication No.6-28789/1994 discloses a 
method of carrying out casting by applying to each pair of rolls a reduction force which is increased depending on the 
time required until an unsolidified cast slab withdrawn from a moid reaches respective reduction rolls so that a given 
amount of roll reduction may be applied to the cast slab before finishing the roll reduction. 

30 

SUMMARY OF THE INVENTION 

According to the prior art method disclosed in Japanese Patent Publication No. 6-28790/1994. however, a roll gap, 
which detennines the thickness of cast slabs, is determined by spacers, and many spacers must be stored in order to 

35 produce a wide variety of thickness of slabs. Spaces must l^e changed every time the thickness of cast slab is cfianged. 
Thus, this method is not practical. In addition, since the reaction force of the roll reduction is not considered, a problem 
of variation with respect to thickness of cast slabs is inevitable. 

On the other hand, since cast slabs have different densities depending on their steel types, a reaction force is also 
varied. According to the prior art method disclosed in Japanese Patent Publication No. 6-28789/1994, the reduction 

40 force is determined by a time interval until a cast slab withdrawn from a mold reaches a reduction roll. Thus, there is a 
problem that variation in the thickness of cast slabs, which is caused by a change of the reaction force to each of the 
reduction rolls, cannot be entirely prevented. 

In addition, in either method, reduction of roll gaps Is described, but there is no description of the case where the 
roll gap is increased. The amount of strains introduced in the solidification interface during roll reduction of cast slabs 

45 having a liquid core is determined depending on the amount of reduction of the liquid core, but not on the reduction 
speed of the reduction rolls. Thus, however much the reduction speed is increased, there is no internal cracking occur- 
ring during roll reduction of a liquid core until a target reduction of the liquid core is achieved as long as the target reduc- 
tion is within a range where the cast slab is free from internal cracking. However, in the case of releasing roll reduction 
of a liquid core. i.e.. in the case of Increasing a roll gap, internal cracking sometimes occurs when the rate of increase 

50 of the roll gap is over a certain anrK)unt. 

An object of the present invention is to provide a continuous casting method and an apparatus for carrying out the 
method, according to which cast slabs having a desired thickness can be produced with great precision, and also cast 
slabs having a uniform internal structure free from segregation of impurities in the central area of the slabs can be pro- 
duced. 

55 Another otDject of the present invention is to provide a continuous casting method and an apparatus therefor, in 
which cast slabs free from internal cracking having a uniform internal structure can be produced with great precision 
even when the roll gap is increased or decreased. 

The present invention is a process for continuously casting slabs, which comprises supplying cast slabs continu- 
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ously withdrawn from a mold to a plurality of reduction devices arranged in tandem, providing a target roll gap. i.e., a roll 
reduction or target pressure to each of the reduction device, and performing roll reduction of a liquid core with the target 
roll gap and target pressure capable of being achieved for each of the reduction devices, characterized by selecting one 
of the plurality of reduction devices as a pivot reduction device, providing (assigning) a target roll gap to the pivot reduc- 
tion device and each of the apparatuses up)stream thereof, and providing (assigning) a target reduction force to each of 
the reduction devices downstream of the pivot reduction device. Thus, according to the present invention, when a roll 
gap is decreased, a'target roll gap is set so that the thickness of cast slabs is smaller than the thickness of the mold. 
On the other hand, when the thickness of cast slabs is changed to be larger than before during continuous casting, i.e., 
when the roll gap increases, the thickness of cast slabs being subjected to reduction of a liquid core is restored to a 
target valve which is equal to or smaller than that of a mold. 

In another aspect, the present invention is a continuous casting apparatus in which cast slabs continuously with- 
drawn from a mold are supplied to a plurality of reduction devices arranged in tandem, a target roll gap or target pres- 
sure is provided (assigned) to each of the reduction device, and roll reduction of a liquid core with the target roll gap or 
target pressure being able to be achieved for each of the reduction devices is performed, characterized by comprising ' 
a means of selecting any one of the plurality of reduction devices as a pivot reduction device, means for providing 
(assigning) a target roll gap to the pivot reduction device and each of the apparatuses upstream thereof, and means for 
providing (assigning) a target reduction force to each of the reduction devices downstream of the pivot reduction device. 
The apparatus of the present invention further comprises means for providing a roll gap smaller than the thickness of 
the mold based on the means for providing a target roll gap. when a roll gap is decreased, i.e.. cast slabs having a thick- 
ness smaller than that of the mold are produced. On the other hand, the apparatus of the present invention further com- 
prises means for providing a roll gap larger than that being used, based on said means for providing a target roll gap, 
when the roll gap increases, i.e.. when the thickness of cast slabs is changed to be larger than before during continuous 
casting (hereunder sometimes merely referred to as "release of roll gap"). 

Thus, according to the present invention, a cast slab continuously wifridrawn from a mold with a solidified shell sur- 
rounding a liquid core is supplied to a plurality of reduction devices arranged in tandem. As the cast slab goes down- 
stream toward the reduction device, the cast slab is cooled, and an unsolidffied portion thereof is gradually solidified 
with an increase in thickness of the solidified shell. A position of a cast slab from the mold where thejhickness of the 
solidified shell reaches a target one is calculated, for example, by using equation (2) to be described later or based on 
the thermal conductivity in a manner described in Figure 1 3 to be explained later. A reduction device which is disposed 
at a position closest to the calculated position of the cast slab is selected as a pivot reduction device. 

When the roll gap is decreased, a predetermined pivot reduction device is provided with a roll gap corresporxling 
to a difference between the thickness of the cast slab at the exit of the mokJ and a target thickness thereof and each of 
the reduction devices upstream of the reference one is provided with a target roll gap calculated by multiplying the dif- 
ference by a certain ratio so that cast slabs can be reduced with respect to their thickness gradually at an appropriate 
proportion through a first half group of the reduction devices including the pivot reduction device. It is possible, there- 
fore, to set any desired target thickness, i.e., roll gap, and to carry out reduction to obtain such a predetermined target 
thickness of cast slabs. 

In addition, each reduction device downstream of the pivot reduction device is provided with a target pressure cal- 
culated on the basis of a reaction force previously determined based on the type of steel and on an iron static pressure 
of the cast slab at the position of the conrespondlng reduction device. Reduction through a second half group of reduc- 
tion devices is carried out so that the target pressure can be maintained in each of the reduction devices. The iron static 
pressure can be calculated based on the density of the cast slab, a height from the reduction device to a meniscus, etc. 
The reaction force can be set. as described before, depending on the type of cast slab. It is possible, therefore, to pre- 
vent occurrence of. a, variation of .thickness, of. cast slabs., which is sometimes caused by assignment of an unsuitaWe 
reaction force to a cast slab. 

Thus, according to the present invention, a target roll gap is assigned to the pivot reduction device and a first group 
of reduction devices upstream thereof, and a target pressure is assigned to a second group of reduction devices down- 
stream of the pivot reduction device. It is possible to perform roll gap control and roll pressure control simultaneously to 
produce thin cast slabs having a predetermined thickness free from a variation in thickness which is caused by assign- 
ment of an unsuitable reaction force. 

On the other hand, when the thickness is to be increased during operation, a reduction device which is used as the 
reference one before is taken as the pivot reduction device. The pivot reduction device is provided with a target roll gap 
corresponding to a difference between the thickness of the cast slab after reduction in the preceding operation, i.e.. the 
present roll gap. and a new target thickness thereof, and the reference reduction and each of the reduction devices * 
upstream of the reference one as provided with an increased target roll gap calculated by multiplying the difference by 
a certain ratio so that cast slabs can be reduced with respect to their thickness gradually at an appropriate proportion 
through a first group of the reduction devices including the pivot reduction device. It is possible, therefore, to set any 
desired target thickness, i.e.. roll gap. and to can^y out reduction to obtain cast slabs having an increased target thick- 
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ness. 

In addition, in the same manner as before, each of the reduction devices downstream of the reference device is pro- 
vided with a target pressure calculated on the basis of a reaction force previously determined based on the type of steel 
and the Iron static pressure of the cast slab at the position of the corresponding reduction device. 

5 In either case of increasing or decreasing a roll gap. the target pressure is set to be larger than the iron static pres- 

sure by a certain degree. Thus, it is possible to reduce the thickness of cast slabs at a target pressure for each of the 
reduction devices downstream of the pivot reduction device without release of reduction due to the iron static pressure 
during operation to increase the thickness of cast slabs. 

The iron static pressure can be calculated based on the density of the cast slab, the height from the reduction 

10 device to a meniscus, etc. The reaction force can be set. as described before, depending on the type of steel. It is pos- 
sible, therefore, to prevent variation in the thickness of cast slabs, which is sometimes caused by assignment of an 
unsuitable reaction force to a cast slab. 

Thus, according to the present invention, even when the thickness is increased during operation, a target roll gap 
is assigned to the pivot reduction device and the first group of reduction devices upstream of the pivot reduction device, 

15 and a target pressure is assigned to the second group of reduction devices downstream of the pivot reduction device. 
It is possible to perform roll gap control and roll pressure control simultaneously to produce thin cast slabs having a pre- 
determined thickness free from a variation in thickness which is caused by assignment of an unsuitafcrfe reaction force. 

In the case of either an increasing or decreasing roll gap. the thickness of a cast slab at the exit of the pivot reduc- 
tion device is determined on the basis of a value detected by a thickness meter, or on the basis of a roll gap of the reduc- 

20 tion device next to the pivot reduction device on the downstream side. When the determined thickness is smaller than 
the target thickness, it is judged that the thickness of the unsolidrfied portion of the slab is excessively large, and in place 
of the present pivot reduction device, the reduction device next to the pivot reduction one on the downstream side is 
made a new pivot reduction device. In addition, the roll gap is detected for the pivot reduction device. When the detected 
roll gap is larger than a difference between the thickness of the cast slab withdrawn from the mold and a target thick- 

25 ness, it is judged that the thickness of the unsolidif ied portion of the slab is excessively large, and in place of the present 
pivot reduction device, the reduction device next to the pivot reduction one on the upstream side is made a new pivot 
reduction device. Thus, according to the present invention, a pivot reduction device is always suitably selected. 

In case of either an increasing or decreasing roll gap. in the pivot reduction device and the reduction devices 
upstream of the pivot reduction device, the direction of pressure applied to a hydraulic double-acting cylinder is deter- 

30 mined based on whether the values detected by the roll gap detector and a difference from the target roll gap are pos- 
itive or negative. In addition, a pressure con-esponding to the difference may be made a target pressure, and the degree 
of opening of a pressure control valve can be adjusted on the t>asis of the target pressure and a value detected by a 
pressure meter. The pressure control valve is operated such that a predetermined degree of opening is achieved, and 
the switching valve is operated such that a predetermined direction of pressure is achieved. Thus, the roll gap of each 

35 of the reduction devices can be adjusted to respective target roll gaps 
by operating the switching valve and pressure control valve. 

In the reduction devices downstream of the pivot reduction device, the degree of opening of the pressure control 
valve is determined on the basis of an assigned target pressure and a pressure detected by a pressure gauge, and 
pressure control is carried out by adjusting the pressure control valve so as to achieve the determined degree of open- 

40 ing. 

It is necessary to prevent occun-ence of internal cracks of cast slabs when a roll gap must be increased, i.e.. when 
the thickness of cast slabs must be increased. In such situations, the present invention provides a continuous casting 
method for producing thin cast slabs by applying liquid core reduction in a roll reduction zone, characterized in that the 
roll reduction force is released in such a way that a rate of increase of the final roll gap is satisfied by the following equa- 
ls tion, which determines the target roll gap. when the thickness of cast slabs is returned to a thickness smaller than the 
original thickness of the cast slab before application of roll reduction, 

VR<(VR)cr = Ccr3Di— >^10 

50 

wherein 

Vr : raising rate of the reduction roll (mm/S) 
55 Vc : casting speed (m/min) 

L : minimum roll pitch, i.e.. minimum distance from one roll to the next roll in the roll reduction zone (mm) 

Ls : length of roll reduction zone (m) 

ccr* critical strains of internal cracks of cast steel (%) 
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D : maximum solidified shell thickness at the exit of a liquid reducing roll (mm) 

BRIEF DESCRIPTION OF THE DRAWINGS 

5 Figure 1 is a diagrammatic lllpstratiorj of a bent-type continuous casting machine for producing slabs of the present 

invention. 

Figure 2 is a diagrammatfc illustration of a control system for a drive mechanism of a reduction device. 

Figure 3 is a sectional side view of a cast slab having a liquid core which is supplied to a roll reduction zone. 

Figure 4 is a block diagram showing a control logic for a pivot reduction roll and reduction rolls upstream thereof. 
10 Figure 5 is a block diagram showing a control logic for reduction rolls downstream of the pivot reduction roll. 

Figures 6a. 6b. andSc are flow charts describing processes for calculating a target roll gap and a target pressure, 
and for determining a pivot reduction roll, respectively. 

Figure 7 is a diagrammatic illustration of a reduction device for cast slabs having a liquid core, which is employed 
by the present invention. 

15 Figure 8 is an illustration showing the occurrence of clearance between the cast slab and supporting rolls during 
releasing roll reduction. 

Figure 9 is an illustration showing the occurrence of bulging deformation caused by clearance between the cast 
slab and supporting rolls during releasing roll reduction. 

Figure 10 is a graph showing the amount of bulging as a function of time during releasing roll reduction. 
20 Figures 1 1 a through 1 1f are diagrammatic views showing releasing strains introduced into a cast slab having a liq- 
uid core by roll reduction while a portion of maximum bulging of the cast slab is passing from one segment of the roll 
reduction zone to the next segment. 

Figure 12 is a graph showing the maximum amount of bulging db as a function of casting speed Vc for different 
reduction releasing speeds Vr. 

25 Figures 1 3a and 1 3b are graphs showing results obtained by calculating the thickness of a solidified shell based on 
thermal conductivity. 

Figure 1 4 is a graph showing the thickness of a solidified shell and the thickness of a liquid core with-respect to time 
at the position of the pivot reduction roll. 

Rgure 15 Is a graph showing results of a simulation of changing roll gap patterns during control of a roll gap. 

30 

DETAILED DESCRIPTION OF THE INVENTION 

Embodiments of the present invention will be explained in further detail with reference to the accompanying draw- 
ings. 

Figure 1 is a diagrammatic illustration of a bent-type continuous casting machine for producing slabs. In the figure, 
a ladle L in which a molten steel is contained is moved to above a tundish T At the bottom of the ladle L a sliding nozzle 
SN is provided. When the sliding nozzle is opened, a molten steel within the ladle L is passed into the tundish T and 
stored therein temporarily. 

At the bottom of the tundish T. a feed nozzle FN is disposed and extends into a mold M having a shape of a rectan- 
gular barrel. A molten metal introduced into the tundish T is kept there temporarily, and then the molten steel is poured 
into the mold M as a stat>le flow via the feed nozzle FN. The molten steel poured into the mold is cooled and withdrawn 
from the mold as cast slabs having a solidified shell surrounding a liquid core. Downstream of the moid M is provided a 
spray roll zone where cooling water is sprayed at the cast slab. In the spray roll zone, an unsolidified portion of the cast 
slab is further cooled (secondary cooling). Following the spray roll zone SR. a plurality of groups of roll zones GR-, . GRg. 
45 GR3, GR4, and GR5. and a pinch roll zone PIR are arranged with a prescribed curvature so as to bend the cast slabs 
having a liquid core while nwving them to a horizontal position. Cast slabs having a liquid core are disposed horizontally 
and then passed to a reduction roll zone PRT where the cast slabs are reduced with respect to their thickness by means 
of a plurality of reduction rolls PR which are an-anged in tandem, and then further cooled while roll reduction is carried 
out to continuously produce cast slabs. 

50 Each of the reduction rolls PR. PR is connected to a rod 5 of a piston 4 provided in a hydraulic cylinder 3. A 

reduction roll PR. hydraulic cylinder 3. and piston rod 4 make up a reduction device. A plurality of reduction controllers 
2, each of which controls reduction movement of each of the reduction devices are provided with a target pressure or 
target roll gap from a reaction force/roll gap controller 1. The positions of pistons 4 and the pressure of cylinders 3 are 
controlled such that each of the reduction controller 2 is provided with an assigned target pressure or target reduction 
55 position. 

Figure 2 is a diagrammatic illustration of a control system for driving a reduction device. Each of the reduction rolls 
PR has an upper roll 15 and a lower roll 16. Above the upper roll 15. doL±>le-acting hydraulic cylinders 3 are disposed 
with rods 5 of pistons 4 facing downward. The lower ends of the rods 5 are connected to respective ends of the upper 
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roll 15. The upper roll 15 is provided with a predetermined roll gap or reduction pressure using the hydraulic cylindete 
3. so the thickness of a cast slab S having a liquid core is reduced when it passes through the roll gap between the 
upper and lower rolls 15. 16. 

The hydraulic cylinder 3 comprises upper and lower chambers divided by a piston 4, and hydraulic piping 17. 18 

5 connected to the chambers at one end thereof. At its other end, piping 1 7 is connected via a motor-driven pressure con- 
trol valve 10 to one port of a magnetic switching valve 8 of the 4 port-2 position type. Piping 18 is connected to another 
port of the switching valve 8. One of the remaining two ports of the switching valve 8 is connected via a pump P to an 
oil tank 7, and the other one is directly connected to the oil tank 7. The pressure control valve 1 0 is provided with piping 
19 so as to return excess oil to the oil tank 7 during time period of reducing pressure. When the switching valve 8 is 

10 operated to supply oil to one of the two chambers of the hydraulic cylinder 3. the piston 4 is moved upward or downward. 
The oil pressure within the hydraulic cylinder 3 is adjusted by the pressure control valve 10. The hydraulic cylinder 3 has 
a roil gap detector 6. A roll gap detected by the detector 6 is provided to a reduction controller 2. A pressure meter 12 
is disposed between the pressure control valve 10 of the piping 1 7 and the hydraulic cylinder 3 to detect the oil pressure 
which has been adjusted by the pressure control valve 1 0. A signal corresponding to the pressure detected by the pres- 

15 sure meter 12 is provided to the reduction controller 2. As described before, the reduction controller 2 is provided with 
a target pressure and target roll gap from the reaction force/roll gap controller 1 (see Figure 1). and the reduction con- 
troller 2 provides signals to change the opening or the position of the pressure control valve 10 and the switching valve 
8. respectively, so that the detected values of the pressure meter 12 and the roll gap detector 6 will be the same as the 
target pressure and the target roll gap. 

20 Although the above explanation pertains to one of the cylinders 3, the same explanation applies to the other cylin- 
der 3. 

The reaction force/reduction controller 1 can determine a target reduction pressure and a target roll gap in the fol- 
lowing manner. 

Figure 3 is a sectional side view of a cast slab 30 having a liquid core which is supplied to a roll reduction zone PRT 
25 The cast slab 30 supplied to the roll reduction zone PRT is cooled by air. and the thickness of a liquid core Sq remaining 
in the center of the slab decreases gradually, and simultaneously, the thickness of a solidified shell Ss sun^ounding the 
liquid core Sq increases. At a final stage, the liquid core Sq of the cast slab disappears. 

A pivot reduction roll PRo is selected from a plurality of reduction rolls PR. PR. ... in the reduction roll zone PRT of 
the reaction force/roll gap controller 1 in accordance with the following equations (1) and (2). Namely the pivot reduction 
30 roll PRo is made the reduction roll which is closest to the position where the sum of the thickness T^ of the solidified 
shell Ss on the liquid core Sq of the cast slab and the thickness T2 of the sofidif ied shell Sq underneath the liquid core 
Sq, i.e., T^ + Tg. is equal to a target thickness T^ef- 

Tj = kV(L3A/c)-T,3, (1) 
Le = (T,e,/k)' Vc (2) 

wherein 

40 Ti : thickness of a solidified shell 

Ti = T^ + T2 . _ 

k : solidification coefficient obtained based on thermal conductivity (mm min '^'^) 
Lei distance from the meniscus to the reduction roll (m) 
Vc : casting speed (m/min) 

45 

In another embodiment, the position of the pivot reduction roll can be determined by calculation based on thermal 
conductivity. See the descriptions relating to Figure 13. 

When a roll gap. i.e.. a roll reduction is decreased, after determining the pivot reduction roll PRq, the reaction 
force/reduction controller 1 provides a reduction controller for the selected pivot reduction roll PR© with a target reduc- 
50 tion, which is equal to the difference AT between the thickness of the cast slab at the inlet of the roll reduction zone, 
i.e., the thickness of the mold, and a target thickness T.^, (AT = T^ - T^,). 

The reaction force/reduction controller 1 also provides target reductions obtained by multiplying the difference AT 

by predetermined ratios for a certain number of reduction rolls PR.i, PR.2 upstream of the pivot reduction roll PRq. 

For example, when two reduction rolls PR.i and PR.2 upstream of the pivot reduction roll PRo are controlled, a target 
55 pressure or reduction corresponding to a reduction of 1 /3 AT is assigned to the reduction controller for reduction roll PR. 
^, and a value of 2/3 AT is assigned to reduction roll PR.2- 

The amounts of 1/3 AT 2/3 AT. and At are indicated by So. The reduction controller 2 can be controlled by the fol- 
lowing manner based on So- 
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Figure 4 is a block diagram showing control logic for the pivot reduction roll and reduction rolls upstream thereof. 
The signal Sq is provided to a first subtracter 21 of each of reduction controller 2 which control the pivot reduction roll 
and the reduction rolls upstream thereof. To the first subtracter 21. reduction data detected by the reduction detector 6 
are also provided, and the first subtracter 21 outputs a value obtained by subtracting the detected reduction from Sq to 
5 a pressure signal control unit 22. The first subtracter 21 provides the result of subtraction to a switching signal control 
unit 25. The switching signal control unit 25. depending on whether the resulting data are positive or negative, deter- 
mines a direction of hievement of the piston of the cylinder 3. forms a switching signal, and provides it to the switching 
valve 8. 

The before-mentioned pressure signal control unit 22 calculates by PID calculation a pressure signal correspond- 
to ing to a difference from a predetermined reduction ard provides the signal to a second subtracter 23. To the second 
subtracter 23. a hydraulic pressure which is adjusted by a pressure control valve 10 is supplied from the pressure meter 
12. The second subtracter 23 outputs the difference between the pressure signal and the hydraulic pressure to the 
opening signal control unit 24. The opening signal control unit 24 calculates an opening signal corresporxding to the dif- 
ference by PID calculation and provides the result to the pressure control valve 10 to adjust the degree of opening and 
75 to control the reduction. 

The reaction force/reduction controller 1 shown in Figure 1. as shown in Figure 3, provides a substantial reaction 
force a and a target pressure (Pj + a) obtained from the following equation (3) to the reduction controllers 2 of the reduc- 
tion rolls PR,. PRg. ... downstream of the pivot reduction roll PRq. The substantial reaction force a is varied depending 
on the type of steel, and the reaction force/reduction controller 1 stores specific values of a for respective types of steel. 

20 

Pi = (PoXS)/A (3) 

wherein 

25 Pq : iron static pressure 

Po = pgh , 



wherein 

30 

p : der^ity of molten metal 
g : acceleration of gravity 

h : height of the molten metal level within tundish from a reduction roll (m) 
35 S : contact surface between roll and cast slab 

S = rpX{W.(T,+T2)} 

wherein 

40 

Tp : roll pitch 

W : width of mold 

A : sectional area of. the cylinder 

45 

Figure 5 is a block diagram showing a control logic for reduction rolls downstream of the pivot reduction roll PRq. 
The reaction force/reduction controller 1 has an a table 32 which includes data of a respective for a variety of steels. A 
target pressure calculating unit 31 reads the data of a for the steel being processed from the a table 32, calculates the 
target pressure (P, + a ) in accordance with equation. (3). and provides the resulting data to a subtracter 26 of the reduc- 
50 tion controller 2 which controls the reduction rolls downstream of the pivot reduction roll. To the subtracter 26, the 
hydraulic pressure which is supplied to the hydraulic cylinder 3 is provided by the pressure meter 12. The hydraulic cyl- 
inder 3 is operated at a force f determined in accordance with the following equation (4). The subtracter 26 provides a 
difference between the target pressure (Pi + a ) and a hydraulic pressure detected by the pressure meter 12 to the 
opening signal control unit 27. 

55 

f = (P 1 + a ) X A (4) 
The opening signal control unit 27 generates an opening signal con^esponding to the determined difference and 
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provides it to a pressure control valve 10 to adjust the degree of opening so that the reduction by the hydraulic cylinder 
3 can t>e controlled. Thus, a reduction corresponding to the reaction force is applied to the cast slab, and cast slabs hav- 
ing a target thickness can be produced with high precision. 

Since the pivot reduction roll PR© is determined by the before-described calculation, which inevitably includes 

5 errors, due to the presence of such errors, the thickness of a liquid core is sometimes larger or smaller than AT. The 
reaction force/reduction controller 1 can shift the position of the pivot reduction roll PRq as follows. 

In Figure 3. on the basis of a reduction detected by the reduction detector 2 (see Figure 2) 'which is provided on the 
reduction roll PRi next to the pivot reduction roll PRo on the downstream side, the distance between the upper and 
lower rolls of this reduction roll PR^ is determined. This distance is the thickness Tou\ at the exit of the pivot reduction 

10 roll PRo When Tout <T,^u • e.. the thickness of the liquid core is larger than AT. the reaction force/reduction controller 1 
changes the position of the pivot reduction roll PRq to the one immediately downstream of the previous pivot reduction 
roll. The reaction force/reduction controller 1 repeatedly determines Tout and shifts the position of the pivot reduction roll 
until T^^, -^Qux *0. 

When the thickness of a liquid core is larger than AT since the actual reduction at the pivot reduction roll PRo is AT 
15 • a and a large reaction force is produced, the reaction force/reduction controller 1 . based on the reduction detected by 
the reduction detecting device 6 disposed on the pivot reduction roll PR©, shifts the position of the pivot reduction roll 
PRo to the roll just upstream of the previous pivot reduction roll if the actual reduction is equal to AT - a. The reaction 
force/reduction controller 1 repeatedly shifts the position of the pivot reduction roll PRo until the actual reduction is equal 
to AT 

20 When the position of the pivot reduction roll PR© is changed, the reaction force/reduction controller 1 provides a tar- 
get reduction and a target pressure which can result in the same reduction as that previously determined to the reduc- 
tion rolls PR.1. PR-2 upstream of the pivot reduction roll PRo after correction, and to the reduction rolls PR^. PR2. 

downstream of the pivot reduction roll PRq. 

In order to select the pivot reduction rod. either of the following methods may be used. One method is to select it in 
25 accordance with a roll reduction detected by a series of steps Si through S12 shown in Figure 6a through Figure 6c , 
and the other Is to select it on the basis of reaction forces. 

Figures 6a through 6c are flow charts describing processes for calculating a target roll reduction and a target pres- 
sure and for selecting the pivot reduction roll in the reaction force/reduction controller 1 

The reaction force/reduction controller 1 is provided with a target thickness Trof of cast slabs. A pivot reduction roll 
30 PRo is selected from the reduction rolls of the reduction roll zone PRT in accordance with the before-described equa- 
tions (1) and (2) such that the thickness (T^+Tg) of the solidified shell Ss of the cast slab having a liquid core is equal 
to the target thickness T^ef (Step S^ 

The reaction force/reduction controller 1 is also provided with data of sut>stantial reaction force a for each type of 
steel, and the reaction force/reduction controller 1 chooses a specific value of a for the steel being processed (Step Sg). 
35 After the pivot reduction roll PRo is selected, the reaction force/reduction controller 1 calculates a difference between a 
thickness Tj^ of the cast slab having a liquid core at the inlet of the reduction roll zone PRT and the target thickness T^ef, 
i.e.. AT = T j„ - T,^, (Step S3). The resulting value of AT i.e.. a target reduction is provided to the reduction controllers 
2 of the pivorreduction roll PRo (Step S4). The reaction force/reduction controller 1 assigns target reductions calculated 
by multiplying the difference AT by 1/3 and 2/3, respectively, i.e.. 1/3 AT and 2/3 AT to the two reduction rolls upstream 
40 of the pivot reduction roll PRo (Steps S3. S4). 

The reaction force/reduction controller 1 calculates a target pressure (P| + a) on the basis of the selected value for 
a and the before-described equation (3) (Step S5). and the resuhing target pressure (P, + a) is provided to each of the 
reduction controllers 2 of the reduction rolls PRi. PR2, ... downstream of the pivot reduction roll PRo- (Step Se). 

The reaction force/reduction controller 1 reads detected data of the reduction detectors 6 fixed to the reduction roll 
45 PRi downstream of the pivot reduction roll PRo (Step S7). The distance between the upper and lower rolls of the reduc- 
tion roll PRi . which is detected by the reduction detector 6. is taken as the thickness Tout at the exit of the pivot reduction 
roll PRo (Step Ss)- The reaction force/reduction controller 1 decides whether Tqui ^ T^f (Step S9). When the inequality 
"Tout ^ T'ref 's not satisfied, the reaction force/reduction controller 1 decides to shift the position of the pivot reduction roll 
PRo to the next roll downstream (Step S10) and returns to Step S3. See Figure 6a. This process is repeated until the 
50 inequality T^ut ^ T^f is satisfied in Step S9. 

When it is determined that the inequality Tqo, ^ T,^, is satisfied in Step S9. the reaction force/reduction controller 1 
decides whether the actual reduction is equal to AT on the basis of the detected data of the reduction detector 6 fixed 
to the pivot reduction roll PR© (Step S^) If it is not equal to AX the pivot reduction roll PRo is made the next roll 
upstream at the time when the detected data reach AT - a (Step S12). and Step S3 is returned to. This process is 
55 repeated in the reaction force/reduction controller 1 until it is decided that the actual reduction is equal to AT in Step S^ t . 
/Mternatively. as shown in Figure 6c. if it is judged that the reaction force of the pivot reduction roll is larger than the 
presetting pressure (Po - Pool » e.. Po<. the present position of the pivot reduction roll is unsuitable, so the position is 
shifted to the next roll upstream. When the reaction pressure is within the range of ~ Poo- 't ^ decided that the posi- 



8 



BNSDOCID: <EP 0aO4flBlA1 iA> 



EP 0 804 981 A1 



tion of the pivot reduction roll is suitable. In contrast, *rf the roll reduction is finished at a pressure smaller than the preset 
value, it Is decided that the position of the pivot reduction roll is not suitable, and the position is shifted to the next roll 
downstream. 

The explanation above has been made wrth reference to the case in which the thickness of the cast slab is reduced. 

5 When it is necessary to increase the thickness of the cast slab, e.g., when the thickness once reduced is to be 
increased, or when the thickness once reduced is to be restored to its starting one, the target thickness Tqui.i before 
change must be increased to a new target thickness T^ut ^' where Toy,.2 < Tj^. 

In this case, the pivot reduction roll PRq before change is decided to be used as a new pivot reduction roll, and a 
reduction controller for the reaction force may provide an increase of reduction by a difference between the solidified 

10 shell thickness Tou\ ^ oi the present cast slab and an increased target thickness Tou,.2. i.e.. ATg = T^^^.j * "'"oui-i 
reduction controller of the pivot r^uction roll PRo- 

In addition, the reaction force/reduction controller calculates new target reductions each having an increase 
obtained by multiplying the before-described difference AT2 by a given ratio, and provides them to each of a predeter- 
mined number of reduction rolls PR.-|, PR.2 upstream of the pivot reduction roll PRq. When two reduction rolls PR. 

15 1 and PR.2 upstream of the pivot reduction roll PR© are to be controlled, for example, the reduction controller of reduc- 
tion roll PR.1 is provided with a target pressure and reduction having an increase of 1/3 AT2, and the reduction controller 
of reduction roll PR.2 is provided with a target pressure and reduction having an increase of 2/3 AT2. 

Thus, if 1/3 AT2. 2/3 AT2, or AT2 is taken as So. the reduction controller 2 can be controlled using the value of in 
accordance with the control logic which is applical^le to the pivot reduction roll and reduction rolls upstream thereof, as 

20 shown in Figure 4, for example. Furthermore, control of reaction force during reduction for the reduction rolls PRj down- 
stream of the pivot reduction roll PR^ and correction of the position of the pivot reduction roll can be done in the same 
manner as in the case of reduction of thickness. 

In the embodiments described before, the reduction device is of the oil-actuated type, but in accordance with the 
present invention, in place of oil. other mediums may be used. . 

25 In addition, the reduction device is actuated by a cylinder, but a screw jack, for example, may be used. 

There are a variety of means of carrying out reduction of cast slabs having a liquid core. Thus far the present inven- 
tion has been described with reference to a case in which each of the reduction rolls is independently^-corrtrolled with 
respect to its reaction force or reduction. As shown in Figure 7. as a cheaper and easily operated device to control 
reduction more precisely, there is proposed a device comprising segmented frames each having cast slab supporting 

30 rolls 40 in the roll reduction zone PRT. one of the frames being a movable frame 41 which is movable in the direction of 
the cast slab, and the other frame being a fixed frame 42. The movable frame 41 can be made to slope by hydraulic 
devices 43 to effect reduction. In the illustrated case, two hydraulic pressure means are used to control the reduction 
performed by rolls R^ to R5. 

When liquid core reduction is carried out. the inner quality of the resulting cast slab is not adversely affected. How- 
35 ever, when release of the reduction is earned out. the inner quality of the resulting cast slab is sometimes degraded. 

Namely, the amount of strains introduced at the solidification interface during reduction of a cast slab having a liquid 
core is determined only by the amount of reduction, not by the reduction rate. As long as the amount of reduction is so 
small that no internal cracks occur, even if the reduction rate is increased to any degree, there will be no internal cracks 
during reduction to a target thickness. On the other hand, in the case of increasing a roll gap. if a releasing speed of the 
40 reduction is increased beyond a certain point, strains are newly introduced, causing internal cracks in accordance with 
the following mechanism. 

The arrangement shown in Figure 7 in which segmented reduction rolls are employed will be used as an example. 
According to the embodiment shown in Figure 8, when the reduction is released, reduction rolls fixed to the movable 
frame 41 are moved away from the cast slab SB. When the cast slab contacting a roll j at a time t(i) moves to a roll j+1 
45 at a time t(i+l). a clearance 45 will be fornried between the cast slab and the roll at the position of roll j+1 if a roll gap G 
C+1, i+1). i.e.. the shortest distance between the roll surfaces of the rolls on movat>!e frame 41 arvd the fixed frame 42 
for the roll j + 1 at time tfi+1) is larger than the thickness of the cast slab at time t{i), i.e.. the roll gap G ( j. i) of roll j at 
time t(i). 

The clearance 45 first occurs at the exit roll of the segmented rolls, and it spreads to upstream roils. . 

50 Figure 9 illustrates the shape of a cast slab during release of reduction, in which a solidified shell Sg receives a 
static pressure from a unsolidffied portion Sq. and at the position of the slab supporting roll PR. a deformation 46 due 
to bulging occurs to occupy the clearance. The deformation caused by bulging is hereunder called "bulging deforma- 
tion" in order to distinguish it from general bulging occurring between rolls. The amount of bulging deformation can be 
defined by the difference (db) between the roll gap and a thickness of the cast slab at the edge portions thereof. 

55 Figure 10 shows the bulging deformation at the exit of the segmented reduction rolls when release of reduction of 
a cast slab having a liquid core is carried out using segmented rolls comprised of 5 supporting rolls, as in Figure 7. The 
bulging deformation occurs during the second half of release of reduction. The maximum is reached at the end of 
release of reduction. The time when the release of reduction is finished is the point when an unsolidffied portion disap- 
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pears and the roll gap at the exit of the segmented rolls reaches a target thickness. In the case illustrated in Figure lO. 
it was 50 seconds after the release was started. After the conpletion of release, the bulging deformation remains until 
the thickness of the edge portions of the slab reaches a target value, e.g.. 90 mm in the case of Figure 10. The distance 
the cast slab passes in a time period from the beginning of the txjlging deformation to the attainment of the maximum 
5 level thereof is equal to the length Ls of the segmented rolls for carrying out liquid core reduction. The distance the cast 
slab passes in a time period from the maximum bulging deformation to the' elimination of the bulging deformation is also 
equal to the length Lg. 

It is noted from Figure 10 that the bulging deformation occurs at an exit roll of the segmented rolls (the 5th roll R5 
of Figure 7 in the case of Figure 10) at the time when a clearance is formed between a roll and the cast slab. Until the 
w bulging deformation reaches a maximum value, the clearance is formed at roll 4 (R4). roll 3 (R3). and roll 2 (R2) succes- 
sively, con-esponding to points 04. 03. and 02 in Rgure 10. for example, and the bulging deformation increases. After 
reaching a maximum level, the clearance disappears gradually while the cast slab passes from roll 2 (R2) through roll 
5 (R5) successively when the roll gap is equal to the thickness of the slab at its edge portions. See points C2. C3. C4. 
and C5 of Figure 10. 

75 Figures 1 1 shows the change in the shape of a cast slab when a portion of the slab where the maximum bulging 
deformation occurs at the exit of the segmented rolls is passing through the segmented rolls. In Figure 1 1 . the area of 
interest is cross-hatched It is to be noted that Figure 1 1 does not illustrate an exact pass line of the segmented rolls, 
but illustrates a relative position between a solidified shell at the widthwise central portion of the slab and supporting 
rolls so as to clearly explain occurrence of bulging and roll reduction of the portion where the bulging occurs 

20 Since the distance over which the cast slab passes during the time period from the generation of bulging deforma- 
tion to attainment of the maximum level thereof is equal to the length of a segmented roll group, contact of the cast slab 
with rolls is as shown in Figure 11a when the noted portion 47 of the cast slab is located at the inlet of the segmented 
group of rolls. This situation corresponds to that indicated by point 05 of Figure 10 where a clearance is first generated 
between the 5th roll (R5) and the cast slab. When the noted portion 47 is located at the 2nd roll (R2). as shown in Figure 

25 lib. txjiging due to formation of the clearance occurs at the 5th roll (R5). This situation corresponds to that indicated by 
poirit 04 of Figure 10. and it is at this point when a clearance is first generated at the 4th roll (R4). Similarly. Figures 1 lb 
through 1 le show respective states when the noted portion 47 passes the 3rd roll (R3), the 4th roll (R4). and the 5th roll 
(R5). which con-espond to points 03 and 04 and the release finishing point of Figure 10. respectively. 

As is apparent from Figures 11 (a) - 1 1 (f). since a clearance is not generated at the 1 st to the 3rd rolls until the noted 

30 portion 47 reaches the 3rd roll (R3). bulging due to formation of the clearance does not occur. When the noted portion 
47 reaches the 3rd roll (R3). since bulging due to formation of a clearance occurs at the 4th roll {R4). tensile strains 
tbm3 (stretching inside the shell due to the bending force applied) in the casting direction are introduced at the solidifi- 
cation interface just below the 3rd roll {R3). The quantity cbm is called "misalignment strains of the bulging type". When 
the noted portion 47 reaches the 4th roll (R4), since further bulging deformation occurs at the 5th roll (R5). misalignment 

35 strains dDm4 of the bulging type are added. 

In the process of the present invention, it is necessary to pinch the cast slab with the upper and lower segment 
frames at a pressure corresponding to a static iron pressure so as to keep a once-achieved target thickness of the cast 
slab at segments downstream of the segmented rolls group where reduction of the cast slab having a liquid core Is car- 
ried out so as to achieve a target thickness. Thus, when a cast slab having bulging deformation such as shown in Figure 

40 9 reaches normal segments following the liquid core reduction segment, the kxjlging deformation is again made to dis- 
appear by the pressure applied from the segmented rolls group, and a rectangular sectional shape is restored to the 
cast slab. Reduction In this area, as shown in Rgure lie. adds strains csm in the casting direction at the solidification 
interface in the noted portion 47 of the cast slab. These strains are called "reduction strains of the leveled segment type" 
or merely "reduction strains of the leveled type". The reduction strains of the leveled type are introduced at the inlet roll 

45 48 of the segment next to the liquid core reduction segment. 

When the sum of misalignment strains of the bulging type and reduction strains of the leveled type is larger than a 
critical amount, internal aacks are formed. Since the amount of these strains is proportional to the amount of bulging, 
the amount of strains becomes a maximum at the portion where bulging is a maximum. In this respect, the maximum 
amount of bulging is proportional to the releasing rate of reduction, i.e.. the raising rate of the roll, and is inversely pro- 

50 portional to the casting speed. In order to prevent formation of internal cracks, therefore, it is advisat)le to control the 
maximum Ixilging. i.e., control a releasing rate in such a way that the sum of these strains is smaller than a critical 
amount at which internal cracks start occurring. 

In order to describe the releasing rate quantitatively, the releasing rate will be defined as a speed of raising an exit 
roll of the segmented groups of rolls for can-ying out liquid core reduction, i.e.. a liquid core reduction segment. A max- 

55 imum bulging deformation db (mm) at the portion just below the exit roll of the liquid core reduction segment was deter- 
mined at varied casting speeds Vc (m/min) and releasing rates Vr (mnVS). The results of the determination are shown 
in Figure 12. Based on the results, the following relationship can be derived. 



10 



BNSOOCID: <EP 0804961 A 1JA> 



EP 0 804 981 A1 



db=18xVpxLs/Lc (5) 

wherein L3 stands for a distance between an inlet roll and an exit roll of the liquid core reduction segment, i.e.. 
the length of the liquid core reduction segment. 

5 As is apparent fronn equation (5). the maximum bulging db at the exit of the liquid core reduction segment is not 

affected by the amount of release of reduction, but is varied depending on the releasing rate, the casting speed, and 
the segment length. The amount of bulging becomes a maximum at a midpoint of the reduction releasing operation, as 
shown in Figure 10. The portion of the cast slab where the maximum db is formed is subjected, as illustrated in Figures 
11 (a) - 11 (f). to introduction of the misalignment strains of the bulging type at an area between the 3rd roll and the 4th 

10 roll and then to reduction strains of the leveled type at the next roll- 
According to a finite element analysis made by the inventors, the misalignment strains of the bulging type can be 
described by the following equation: 

c bm = 2.74 X (D 6/L ^) x 1 00 (%) (6) 

15 

The reduction strains of the leveled type can be described as follows: 

c sm = 2.26 X (D 6/L ^) x 100 (%) (7) 

20 wherein 

D : thickness of solidified shell (mm) 
6 : amount of bulging 
L : roll pitch 

25 

In the case shown in Figures 1 la - 1 1f, the noted portion 47 is subjected to introduction of the misalignment strains 
of the bulging type in an area between the 3rd roll (R3) and the 4th roll (R4). This is because the liquid>core reduction 
segment contains five rolls. When the segment contains a different number of rolls, the location of the roll where the 
noted portion 47 suffers from misalignment strains of the bulging type is also changed. However, such a location is not 

30 inrportant. since internal cracks are formed when the amount of strains introduced to a brittle area (usually an area of 
a solid phase ratio of 0.8 - 0.99) at the solidification interface of the solidified shell is increased beyond a critical amount. 
If the strains are repeatedly introduced, the internal cracks are formed at a time when a total amount of the introduced 
strains is over the critical amount. The maximum amount of bulging is the sum of the amounts of bulging deformation 
which the noted portion receives at each of the rolls. In addition, the amount of misalignment strains of the bulging type 

35 is proportional to the amount of bulging. At each of the rolls where bulging occurs^ the amount of the misalignment 
strains of the bulging type is calculated and summed. The resulting total amount is equal to the amount of strains which 
are Introduced by applying the maximum bulging at one time. The strains caused by releasing the Ik^uid core reduction 
(cr : strains by reduction releasing) are a total of the strains obtained by calculation using 5 of the equations (6) and (7) 
and the maximum bulging db. and can be described by the following equation. 

40 

Cr = 500 ^ = 9000 5 (8) 

45 In order to prevent occun-ence of internal cracks, therefore, it is advisable to suppress the formation of strains 
caused by reduction releasing and also strains caused for other reasons, such as bulging between rolls, thermal 
stresses, and roll reduction due to roll bendir>g caused by thermal expansion of rolls, so as to restrict the total amount 
of these strains to be smaller than the critical amount. The latter type of strains which are caused by reasons other than 
releasing of the liquid core reduction are inevitably introduced to cast slabs during usual continuous casting. These 

50 strains, therefor, are called ''existing strains" for convenience. The anx)unt of existing strains is changed depending on 
the type of casting machines and operating conditions. However, in order to suppress occurrence of internal cracks 
caused by releasing of liquid core reduction, or in order to avoid formation of internal cracks caused by accidental mal- 
function of the casting machine during normal casting without effecting Ik^uid core reduction, casting machines are 
designed such that the amount of the existing strains is at most 50% or less of the critical amount for internal cracks 

55 with a factor of safety being 1 .4 or more, although the critical amount varies depending on the type of steel. Thus, if the 
anK)unt of strains caused by releasing the liquid core reduction (c r) is restricted to 50% or less of the critical amount 
for internal cracks, the occurrence of internal cracks can successfully be avoided during releasing of the liquid core 
reduction. 
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Since the level of strains causing the occun-ence of internal cracks for a particular steel, referred to here as critical 
amount (t cfO. can be determined by such a method as described in "Materials & Processes" Vol. 1 (1988)p.1229. for 
example, operating conditions which will not produce internal cracks can be obtained from equation (8) as follows. 

5 Cr = 9000 < 0.5 

or 

VR<(VR)cr«Cor9Di— ^-10 
10 , 
wherein 

Vr : Raising speed of the exit roll in a liquid core reduction zone. 
: casting speed (nVmin) 
15 L : minimum roll pitch i.e., minimum distance from one roll to the next roll (mm) 
Ls : length of the liquid core reduction zone to give a target thickness (m) 
ccr • amount of strains causing internal cracks for steel to be cast (%) 
D : maximum solidified shell thickness at the exit of a liquid core reduction roll (mm) 

20 If the roll pitch L (mm) can take different values within the liquid core reduction area to give a target reduction, it Is 
advisable from the viewpoint of safety to use as a minimum roll pitch a distance from a roll nearest to the meniscus 
within the liquid core reduction rolls to the first roll which can provide a target pressure. In addition, although the solidi- 
fied shell thickness increases slightly in the liquid core reduction area where a target reduction is achieved, the solidified 
shell thickness at the exit of the liquid core reduction area can be used. The solidified shell thickness can be obtained 

25 by calculation or measurement. Alternatively, after determining the solidification coefficient K based on the results of the 
calculation and measurement, the shell thickness can be obtained by the following empirical formula: 

D = K>/(Le/Vc) (11) 

30 Instead of using Le. which means the distance (m) from the meniscus, the distance from the meniscus to the final 

roll in the liquid core reduction area where a target reduction is achieved can be used for the sake of safety The above 
method is not affected by a reduction during liquid core reduction and is effective In a case where releasing is carried 
out after a small amount of reduction, i.e.. slight reduction. 

Although the before-mentioned prevention of the occurrence of internal cracks has been described with reference 

35 to segmented groups of rolls, an upper limit of the raising speed of a pair of rolls which are not segmented can be deter- 
mined in the same manner. 

Since the thickness of cast slabs is small in the continuous casting method employing liquid core reduction, and the 
solidification finishing position is rather near the meniscus compared with that after release of reduction, it is possible 
to advantageously increase production speed by increasing the casting speed. If such high speed of casting is contin- 
ue ued after releasing is initiated, the solidification finishing position shifts outside the machine, resulting in bulging after 
leaving the machine. Marked deteriorations in inner qualrty and shape of products are inevitable. It is necessary, there- 
fore, that the casting speed be within a range where the solidification finishing position can be kept within an area of the 
casting machine. 

45 Example 1 

This example specifically shows that control of roll reduction can easily be done depending on changes of opera- 
tional conditions during the liquid core reduction operation. 

First, progresses of solidification were simulated on the basis of calculations for a case where the liquid core reduc- 
50 tion was not carried out. A simulation nxxJel was a one-dimensional model for a portion of 1^ the thickness of the slab. 

The thickness of mold. i.e.. thickness of cast slab within the mold was 90 mm. The distance of cast slab from a mol- 
ten metal level within the mold was shown with respect to the solidified shell thickness and temperature in Figures 13a 
and 13b. respectively According to the results thereof, it is possible to determine a roll reduction position, i.e., reference 
position, where the thickness of the solidified shell was equal to a target thickness. 
55 if cooling conditions, such as temperature of a cooling water are changed, the thickness of the solidified shell Is var- 
ied even in the same roll area. In this simulation, since the results are for the 1/2 thickness portion, a solidified shell 
thickness of 45 mm means complete solidification. 

Now take an example where a cast slab of 90 mm thick is reduced to a thickness of 60 mm. i.e, a roll reduction by 



(9) 
(10) 
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30 mm is carried out. 

According to Figure 13a. at a position of 7 m from the meniscus within the mold the thickness of the solidified shell 
is 30 mm for the half. I.e.. 60 mm tor the whole, and the thickness of liquid core is 90 mm - 60 mm = 30 mm. 

Thus, if a reduction with a roll positioned at a distance of 7 m from the meniscus is completely carried out. an unso- 
5 lidrfied portion of 30 mm thick is squeezed so that the opposing solidified portions are contacted together to give a slab 
having a solidified thickness of 60 mm. Namely, a roll reduction is 30 mm. In this case, therefore, for the reduction rolls 
upstream of the pivot reduction roll at a distance of 7 m from the meniscus, roll reduction control may be performed, and 
for the reduction rolls downstream of the pivot reduction roll, pressure control, i.e., reaction force control may be per- 
formed 

10 Similarly, in the case shown in Figure 13b, since the thickness of the solidified portion is 30 mm for the half of the 
slab and 60 mm for the'whole at a distance of 6 m from the meniscus, for the reduction rolls upstream of the pivot reduc- 
tion roll at a distance of 6 m from the meniscus, roll reduction control may be performed, and for the reduction rolls 
downstream by a distance of 6 m, reaction force control may be performed. 

Comparing the cases of Figure 13a and Figure 13b. which differ from each other in the position of the pivot roll ■ 

15 where the thickness of a liquid core is equal to the reduction, it is noted that the roll reduction conditions must be 
changed. 

However, according to the prior art method, in which spacers are used as stoppers to mechanically stop the reduc- 
tion of rolls to perform reduction under a constant reaction force, or in which the reduction of rolls is performed in a fixed 
pattern, the following problems occur when operational corxJitions are to be changed. 
20 Namely, when the thickness of an unsolidified portion is small at the reduction roll position of the pivot reduction 
device, the thickness of the solidified shell is larger than the target thickness after reduction, even if the reduction is per- 
formed. 

According to the present invention, if an unsolidified portion remains at a pivot reduction roll which is selected by 
the automatic position control (APC) system, segregation can not be eliminated. Therefore it is desirable that the thick- 

25 ness of an unsolidified portion be substantially zero at the pivot reduction roll position. 

Based on the calculation of thermal conductivity shown in Figure 13a and 13b, or based on equation (2). the per- 
formance of a cast slab from the beginning of roll reduction to the end of roll reduction at the point where the thickness 
of an unsolidified portion is 30 mm, as well as changes in the thickness of the unsolidified portion (unsolidification thick- 
ness) and that of a solidified portion (solidification thickness) were simulated. The results are showvn in Figure 14. 

30 In this figure, the most suitable roll position which was determined by APC was in Case exhibiting a solidification 
thickness Bo and an unsolidification thickness Bq. At a first position (a) of the roll to which APC Is applied, the reduction 
is substantially equal to the unsolidification thickness, and at a finishing position (b). I.e., the roll position of the pivot 
reduction device, the unsolidification thickness is zero. If reaction force control is applied to the rolls downstream of the 
pivot roll, therefore, the slab thickness does not change but is 60 mm, a target thickness. 

35 The roll position is unsuitable in Case A. This is the case in which at a first position (a) of the roll to which APC is 
applied, the solidification thickness is small. When the roll reduction reaches 30 mm. an unsolidified portion still 
remains. If reaction force control Is not applied to the rolls downstream, as shown in Case B,. a target slab thickness of 
60 mm can be achieved, but an unsolidified portion is being cooled and solidified, resulting in no elimination of center 
line segregation. 

40 In contrast, if reaction force control is applied to rolls downstream, the slab thickness will be 60 mm or less just like 
the case shown as Case B2. 

Figure 1 5 shows results of simulation of an operation when a pattern of the roll position control (APC) is changed. 
Changes in roll reduction and reduction pressure are plotted with respect to time for a final roll to which the roll position 
control by APC is applied. 

45 The reaction force during roll reduction can be described as (Pj + a). The value of Pj can be determined by equation 
(3) to be about 30 kg/cm^ in this case. The reaction force (Pj + a) rapidly increases when the roll reduction comes to an 
end. The inventors determiried by separate experiments the pressure to be 32 kg/cm^ at which the reaction force con- 
trol of rolls downstream is carried out. 

50 i) As is apparent from Figure 15. when the reaction force increases rapidly prior to reaching the target reduction, 
the solidification thickness is so large that the resulting slab thickness would be excessively larger than the target 
one even if the reaction force control were applied to the rolls downstream. 

Therefore, the pattern of roll position control (APC). i.e.. the roll positions to which APC is applied, is shifted 
upstream, i.e.. a new pattern of position control has a sharp gradient, and the reaction force control is applied to 

55 rolls downstream of the roll to which APC control is applied. 

ii) In contrast, when the reaction force does not increase rapidly after reaching the target reduction, it is decided 
that the solidification thickness is too small. Therefore, the roll positions to which APC is applied are shifted down- 
stream, i.e.. a new pattern of position control has a sharp gradient, and the reaction force control is applied to rolls 
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downstream of the roll to which APC control is applied. 

In these respects, the roll reduction control and the reaction force control were earned out in accordance with the 
manners shown in Figures 4 and 5. 

Thus, according to the present invention, cast slabs having a precise thickness can be produced with center line 
segregation being effectively eliminated. 

Example g 

In this example, using a casting machine of the bending type (cast slab thlckness=90 mm. cast slab width=1000 
mm, curvature bending radius«3.5 m, straight portion lengths=1 .6 m. and machine lengths 13 m). cast slabs having the 
steel compositions shown in Table 1 were forged in roller apron zone (2.9 - 3.86 m from the meniscus) with a roll reduc- 
tion of 20 mm being performed by the liquid core reduction segment shown in Figure 8. When the roll reduction of 20 
mum was released to return to a 90 mm slab, the control process of the present invention was carried out. In this con- 
tinuous casting machine, the length Ls was 760 mm. Since a roll pitch of from the middle of the liquid core reduction 
segment in the casting direction to an inlet of the next segment of usual rolls was 190-195 mm. the value of L in equa- 
tion (9) was set to 190 mm in carrying out the present invention. 



Table 1 



Steel 


Steel 


Composition 


(wt%) 


Critical Strains c a (%) 




C 


P 


S 




A 


0.15-'0.20 


0.015 -0.02 


0-01-0.015 


1.6 


B 


0.15-0.20 


0.015 --0.02 


<0.01 


2.3 


C 


0.2^0-4 


0.015-0.02 


0.01-0.015 


1.0 


D 


0.4-0.9 


0.015 -0.02 


0.01-0.015 


0.8 


E 


0.15-0.1 


0.015-0.02 


0.01-0.015 


2.0 



Table 2 shows the results of the present invention together with those of comparative examples. In Table 2. Vc 
stands for a steady casting speed at which cast slabs having respective steel compositions were cast with a thickness 
of 90 mm. The casting speed was increased by 20 - 30% higher than the steady casting speed when the liquid core 
reduction was being carried out. Occurrence of internal cracks during release of the roll reduction was determined by 
the development of cracks on the surface of a specimen which was cut from a central portion of the cast slab in the 
widthwise direction and subjected to sulphur printing and dendrite etching. 

In applying the method of the present invention, the solidification thickness was found by calculation after thor- 
oughly confirming the precision thereof based on measurements previously obtained. 

According to the method of the present invention, there were no internal cracks. However, when the releasing of roll 
reduction was carried out using the value of Vr which was not satisfied by equation (10), the length of a non-steady 
tapered slab was a littie short compared with that in the case of the present invention. t>ut the cast slab suffered from 
occurrence of Internal cracks. Furthermore, in Comparative Example No. 11. the releasing speed satisfied equation 
(10). but the casting speed during release of the liquid core reduction was larger than the steady casting speed for 90 
mm thick cast slabs after finishing the release of reduction. The final solidification position, therefore, was located out- 
side the machine and bulging occurred outside the machine, resulting in formation of internal cracks. 
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Tables 



No. 


Steel 


Vc (m/min) 


Vr (mm/s) 


(Vr )cr 
(mm/s) 


Equation 
(10) 


Length of 
Tapered 
Slab (m) 


Internal 
Cracks 


Remarks 


1 


A 


4.1 


0.60 


0.65 


o 


2.9 


No cracks at 
all 


Invention 


2 


B 


4.1 


0.90 


0.94 


o 


2.1 


3 


C 


3,8 


. 0.35 


0.37 


o 


4.5 


4 


D 


3.5 


0.25 


0.26 


o 


5.6 


5 


E 


5.0 


1-05 


1.10 


o 


2.3 


6 


A 


4.1 


0.70 


0.65 


X 


2.7 


Yes 


Comparative 


7 


B 


. 4.1 


1.00 


0.94 


X 


2.0 


8 


C 


3.8 


0.42 


0.37 


X 


3.9 


9 


D 


3.5 


0.31 


0.26 


X 


4.6 


10 


E 


5.0 


1.20 


1.10 


X 


2.0 


11 


A 


4.5* 


0.73 


0.75 


O 


2.8 


Note : Higher than normal casting speed for 90 mm thick slates. 





INDUSTRIAL APPLICABILITY 



According to the present invention, control of roll reduction position as well as reaction force in response to the roll 
reduction can be carried out. In addition, the thickness of cast slabs can be freely increased or decreased with high pre- 
cision, and cast slabs having a uniform inner structure can be obtained with a central portion of the cast slab being free 
of segregation of impurities. Furthermore, since it is possible to produce cast slabs having a thickness required for sub- 
sequent hot rolling steps, loads to the hot rolling mills can be reduced markedly, resulting in an increase in productivity. 

In addition, since the pivot roll position can be corrected, cast slabs having a predetermined thickness can be pro- 
duced with high precision. 

Lastly, it is possible to control the reduction position as well as the reduction force without using expensive appara- 
tuses with a servomechanism. so the present invention has advantages with respect to equipment costs. 

Claims 

1. A process for continuously casting slabs, which comprises supplying cast slabs continuously withdrawn from a 
mold to a plurality of reduction devices an-anged in tandem, providing a target roll reduction or a target pressure to 
each of the reduction devices, and performing roll reduction of a liquid core with the target roll reduction and target 
pressure capable of being achieved for each of the reduction devices, characterized by: 

- selecting one of the plurality of reduction devices as a pivot reduction device, and providing a target roll reduc- 
tion to the pivot reduction device and each of the reduction devices upstream thereof, and 
providing a target pressure to each of the reduction devices downstream of the pivot reduction device. 

2. A process for continuously casting slabs as set forth in Claim 1 wherein it is possible to produce cast slabs having 
a increased or decreased thickness compared with that of the slabs continuously withdrawn from the mokl by pro- 
viding a target roll reduction or a target pressure to alt of the plurality of reduction devices. 

3. A process for continuously casting slabs as set forth in Claim 1 wherein the thickness of the cast slabs at the exit 
of the pivot reduction device and the reduction roll position of the pivot reduction device are detected, and based 
on the detected results the pivot reduction device is shifted. 

4. A process for continuously casting slabs as set forth in Claim 1 wherein the target roll reduction is calculated based 
on a difference between the thickness of the cast slabs at the exit of the mold and the target thickness of the cast 
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slabs. 



5. A process for continuously casting slabs as set forth in Claim 1 wherein the target pressure is calculated based on 
a preset value of the reaction force to the reduction, which is determined depending on the type of steel and on a 

5 static iron pressure at the position of each of the reduction devices- 

6. A process for continuously casting slabs as set forth in Claim 1 wherein the reduction device comprises a double 
acting hydraulic cylinder, pressure control valves for adjusting pressure to the hydraulic cylinder, a detector for 
detecting the roll reduction, and a pressure meter for detecting pressure applied, characterized in that 

10 

in the case of either increasing or decreasing the thickness of the cast slabs, the target pressure and the direc- 
tion of application of pressure are determined for the pivot reduction device and each reduction device 
upstream of the pivot reduction device based on the detected results of the detector and an assigned target roll 
reduction, the degree of opening of said pressure control valve is determined based on the determined target 
75 pressure and the detected pressure of the pressure meter, and the pressure control valve is operated to 

achieve the predetermined degree of opening and to switch the direction of pressure appfication to the prede- 
termined one. and 

the degree of opening of the pressure control valve is determined for each reduction device downstream of the 
pivot reduction device based on an assigned target pressure and the detected results of the pressure meter, 
20 and the pressure control valve is operated to achieve the predetermined degree of opening. 

7. A process for continuously casting slabs as set forth in Claim 1 wherein continuous cast thin slabs are produced by 
applying reduction of thickness of cast slabs having a liquid core in a roll reduction zone, characterized in that the 
roll reduction force is released In such a way that a rate of increasing the final roll reduction is satisfied by the fol- 

25 lowing equation, which determines the target roll reduction, when the thickness of the cast slabs is returned to a 
thickness smaller than the original thickness of the cast slab before application of roll reduction. 

VR<(Va)cr«ccr95Lr^>^10 



wherein 



Vr : raising rate of the reduction roll (mm/S) 
35 Vc : casting speed (m/min) 

L : minimum roll pitch (rrun) 
Ls : length of roll reduction zone (m) 
CQ^: critical strains of internal cracks of cast steel {%) 

D : maximum solidified shell thickness at the exit of a liquid reducing roll (mm) 

40 

8. A process for continuously casting slabs as set forth in any one of Claim 1 through Claim 7. wherein the reduction 
device comprises a pair of reduction rolls. 

9. A process for continuousty casting slabs as set forth in any one of Claim 1 through Claim 7. wherein the reduction 
45 device comprises a segmented group of a plurality of pairs of rolls. 

10. A continuous casting apparatus in which cast slabs continuously withdrawn from a mold are supplied to a plurality 
of reduction devices arranged in tandem, a target roll reduction or target pressure is assigned to each of the reduc- 
tion devices, and roll reduction of a liquid core with the target roll/reduction position or target pressure being able 

50 to be achieved for each of the reduction devices is performed, characterized by comprising 

means for selecting any one of the plurality of reduction devices as a variable pivot reduction device, 
means for assigning a target roll reduction to the pivot reduction device and each of the reduction devices 
upstream of the pivot reduction device. 
55 - means for assigning a target pressure to each of the reduction devices downstream of the pwot reduction 

device. 

means for providing a roll reduction smaller tiian the thickness of the mold based on the means for providing a 
target roll reduction, when a roll reduction is decreased, and - means for providing a roll reduction larger than 
that being used, based on the means for providing a target roll reduction, when the roll reduction is increased. 
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Fig. 5 
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Fig. 6 (a) 



Fig. 6 (b) 
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Fig. 7 
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Fig. 13. (a) 
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Fig. 15 
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